Introduction
[2] Earth structure can be inferred from seismic wave propagation resulting from numerous kinds of sources such as earthquakes, explosions, forced vibrations (Vibroseis), and ground impact. Our purpose in this report is to show that there is a very common atmospheric source, infrasound from thunder, which can be recorded acoustically and seismically and can be used to infer the velocity structure of the near surface. Thunderstorm occurrence has varying frequency across the United States but large sections of the country have 30 storm days or more per year, particularly in the Gulf Coast, central, and southwest United States [Changnon, 1988] . We show that infrasonic signals from thunder often have high signal-to-noise ratios and can be treated as a locally coherent wave source that interacts with the ground giving rise to trapped leaky or locked mode wave propagation that can be used to estimate velocity structure in the upper tens of meters. Passive surveys utilizing small arrays of seismometers and infrasonic microphones could be useful for characterizing site conditions related to earthquake hazard determinations.
[3] Acoustically induced ground motions depend on the nature of material properties in the near surface [Sabatier and Raspet, 1988; Langston, 2004] . Langston [2004] showed that an atmospheric shock wave from a meteor fall interacted quite strongly with sites of the CERI seismic network. Two kinds of interactions were seen. One consisted of leaky mode P-SV wave propagation when nearsurface P and S wave ground velocities and substrate S wave velocity were less than the horizontal phase velocity of the incident acoustic wave. Locked mode Rayleigh wave type propagation was seen at a few stations and was inferred to be caused by the S wave velocity of the substrate being higher than the incident acoustic wave phase velocity. Langston [2004] suggested that atmospheric shock waves might be useful for inferring site structure in areas of low velocity sediments. Unfortunately, sonic booms, meteor falls, and explosions are either few and far between or, as the case with aircraft sonic booms, are restricted by law. In contrast, lightning activity is a common natural meteorological phenomenon in many areas that produces a plentiful supply of acoustic shockwaves (thunder) that can be used as a seismic source.
[4] Lightning is a discharge of electricity. Extreme heating produces an explosive expansion of the air and is the source of audible thunder, although some infrasonic thunder is associated with the sudden reduction of the electrostatic field in a thundercloud volume [Bass, 1980; Rakov and Uman, 2003] . Bhartendu [1964] showed that the power density spectrum of thunder-induced infrasonic waves is maximum in the range between 0.75 Hz and 6.0 Hz. Balachandran [1979] found that infrasonic signals were dominated by sharp rarefaction pulses in the range of 1.0 Hz to 2.5 Hz. Holmes et al. [1971] found that the thunder power spectrum peaked at frequencies from less than 4 Hz to 125 Hz for 24 ground flashes. Bhartendu [1971] observed that the sound pressure of thunder varies from 0.17 to 6.3 Pa over a distance range of 1.7 km and 8.5 km from the lighting. Bohannon et al. [1977] used four microphones placed on the ground forming a 40 Â 40 m square to detect infrasonic pulses from thunderclouds. They found that the pulses had average peak-to-peak amplitudes of 0.12 Pa with the largest peakto-peak amplitude of 0.58 Pa.
[5] To evaluate the credibility of using thunder as a seismic source, we built a co-located microphone and seismic sensor array (Figure 1a ) to record atmosphere pressure fluctuations and ground motions simultaneously during thunderstorms. The seismo-acoustic array was installed in late August 2005. Data from the array were recorded on local hard disks to provide approximately three weeks of continuous data storage and were routinely retrieved. During the spring months of March to May the array recorded the most thunderstorms with most of these occurring at night.
[6] Two thunder events, short-duration impulsive claps, are presented here to clearly show the characteristics of thunder induced ground motions. We analyze the seismoacoustic characteristics in the time and frequency domains. Frequency-wavenumber analysis and a time-domain grid search were used to determine the azimuth and horizontal slowness of thunder shock waves and seismic motions. We then beamed and stacked the acoustic pressure waveforms and ground velocity seismograms according to the direction defined by azimuth and slowness to examine the characteristics of wave propagation at the site.
Configuration of the Seismo-Acoustic Array
[7] The seismo-acoustic array is located at a private rural residence near the small town of Moscow, TN, at the top of a low hill. The elevation difference among the elements of the array is less than 2 meters. The optimal array size was chosen by a series of frequency-wavenumber spectrum computations and logistical considerations. The array was designed to resolve the horizontal slowness of 5 Hz acoustic waves. A preliminary field experiment was performed by installing a CMG-6 broadband seismometer at the array site to continuously record data for a period of two weeks during spring 2005. Ground motions showed clear 5 Hz reverberations caused by the acoustic wave from a nearby ground strike.
[8] The array consists of a 5-element, 30-port infrasound array with co-located surface seismic sensors and a 10 meter deep three component borehole seismometer located at the center. Signals are transmitted via cable to the data acquisition system enclosure. Each infrasound microphone includes a 6-port manifold connected to 8-meter long porous garden hoses for the purpose of wind noise reduction [Stump, 2000a [Stump, , 2000b . The infrasound microphone system is based on the Southern Methodist University (SMU) ''Seattle P1'' instrument and consists of 8 microphone elements, a preamplifier, and low-and high-pass filters. The data acquisition system enclosure contains a standard Intel based PC, data acquisition card, signal conditioners, analog filters, and an AM lightning detector. The lighting detector detects broadband Radio Frequency (RF) static bursts from nearby lightning. Lighting signals are particularly strong in the AM band. The detector is a three stage tuned RF amplifier followed by an AM detector and a threshold comparator. The threshold comparator is used to filter out low amplitude noise from distant strikes and man made sources to prevent spurious detections. Unfortunately, the sensitivity of the detector made it difficult to infer the times of particular lightning strikes for the thunder events used in this study because so many events are seen in a storm. Data from the detector was most useful in scanning daily records to identify the thunderstorm events from other acoustic sources. The reconstruction of the lightning geometry and location is beyond the purpose of the present study. In addition to the lightning detector, observations on event times were made by one of the authors who lives at the site.
[9] The microphone frequency response was determined empirically by the National Center for Physical Acoustics (NCPA) at the University of Mississippi. Figure 1b shows the total frequency response of the infrasound microphone and data acquisition system. The cut-off frequencies defined at the À3 dB amplitude reduction of the passband are at 3 Hz and 28 Hz. The seismic sensors used in the array are Mark Products L-28 geophones. Each geophone (two horizontal, one vertical) was buried at a depth of about 0.2 meter. An additional geophone was installed at the bottom of a 10 meter borehole at the center node. The horizontal components are directed toward north and east. All seismic sensors were calibrated using a shake table. The velocity frequency response for the 18 seismic sensors including the data acquisition system is shown in Figure 1b . The velocity responses are flat from 4 Hz to 27 Hz. Both microphone and geophone data streams are sampled at a sampling rate of 200 Hz and digitized with a 16-bit resolution digitizer.
[10] A one-hour recording of acoustic pressure and surface vertical ground velocity is shown in Figure 2 for a thunderstorm on 21 April 2006 at 05:00 CST. Two kinds of thunder events are shown in these data. The first kind is low amplitude and consists of a long train of acoustic arrivals. The second kind is high amplitude and usually shows one impulsive distinct peak. We selected two thunder events of the second kind as examples of the seismic source because they have high signal to noise ratios and are isolated in time from other thunder. The two selected thunder events have similar N-wave waveforms but with very different horizontal slownesses, exciting different seismic wave propagation modes in the soil.
Data Analysis
[11] Raw data were corrected by removing the instrument responses and applying a four-pole Butterworth bandpass filter with corners at 1 and 50 Hz for acoustic pressure waveforms and at 1 and 30 Hz for seismic velocity waveforms to remove high frequency noise. Frequencywavenumber analysis was then applied to both acoustic and seismic waveforms to determine the azimuth and horizontal slowness of the wavefield (Figure 3) [ReVelle et al., 2004] . The impulsive N-wave like waveform of the acoustic pressure wave (Figure 4) is characteristic of atmospheric sonic booms [Cook et al., 1972] . This allowed us to use a time-domain grid search technique to find wave azimuth and slowness.
[12] We assume that the acoustic wave is a plane wave traveling across the array. The travel times (t i ) from the center element (t 1 ) to the other array elements are
where p is the ray parameter (horizontal slowness) of the incident wave vector. d i is the projected distance between the center element and i-th element with the incident wave vector, and is given by
where q is the azimuth of the wave vector, and x i and y i are coordinates of i-th element. The center element is placed at the origin. Arrival time difference between elements can then be expressed in matrix form
where x ij and y ij are coordinate differences between i-th and j-th element. Equation 3 can be solved for p and q using least squares or by a grid search method. The residual is defined as
[13] The azimuths and slownesses for pressure and ground motion computed from the frequency-wavenumber analysis have differences of less than 10 percent, indicating that the ground motions are induced by the incident acoustic pressure impinging into the array and not by distant traveling seismic waves or background noise (Figure 3 ). Azimuth and slowness of the acoustic pressure wave computed from frequency-wavenumber and time-domain grid search methods are also coincident, which suggest that there is only one high signal-to-noise ratio incident acoustic pressure wave impinging into the array within the frequency band (Figure 3) .
[14] The acoustic pressure waveforms and ground velocity seismograms were beamed to the direction defined by azimuth and slowness and stacked. We then rotated the E-W and N-S beamformed seismograms to radial and transverse directions according to the azimuth (Figure 4 ).
Thunder Induced Ground Motions
[15] The initial motion of thunder infrasound consistently shows rising pressure. The durations of the main N-shaped pressure wave are about 0.5 (2 Hz) and 0.15 (7 Hz) second and peak-to-peak amplitudes are 0.13 and 0.18 Pa for events 1 and 2, respectively (Figures 4a and 4c) . The periods and peak amplitudes are consistent with previous work [Balachandran, 1979; Bhartendu, 1964; Bhartendu, 1971; Bohannon et al., 1977; Holmes et al., 1971] .
[16] The ground velocity waveforms for surface instruments show clear reverberations at a constant frequency of about 5 Hz induced by event 1 with a slowness of about 3.0 sec/km (phase velocity of 330 m/sec) (Figure 4a ). In contrast, ground velocity waveforms for event 2 have a slowness of about 0.7 sec/km (phase velocity of 1430 m/sec) and show a short duration impulsive waveform without much reverberation (Figure 4c ). Ground velocity waveforms from the borehole instrument generally retain the frequency content and waveshape of the surface observations (Figures 4a and 4c) .
[17] For event 1, the peak-to-peak amplitudes of ground velocity for radial and vertical motions are about 1.7 and 1.3 microns/sec, respectively. The peak-to-peak amplitude of the radial component of event 1 recorded in the borehole decreases about 63 percent, while the peak-to-peak amplitude of the vertical component amplifies by about 19 percent. The peak-to-peak amplitudes of ground velocity in the radial and vertical components of event 2 are about 0.5 and 1.0 microns/sec, respectively. Radial and vertical peak-to-peak amplitudes in the borehole decrease to about 44 and 2 percent, respectively. The particle motion plot (Figure 4b ) in the radial-vertical plane of event 1 at the surface indicates clear retrograde elliptical motion with the major axis of the ellipse oriented horizontally. The major axis of the ellipse rotates toward the vertical plane for the borehole observations.
Discussion and Conclusions
[18] Thunder-induced ground motions from two different waves with incident horizontal slownesses show different characteristics of acoustic-seismic coupling. Ground motions for event 1 show clear long duration reverberations and for event 2 are relatively impulsive and short in duration. The retrograde motion of event 1 is characteristic of an air-coupled Rayleigh wave when all P wave and P-to-S reverberations are locked in the layer. The depth of the borehole is only about 8% to 17% of a seismic wave wavelength for 5 Hz P waves for a velocity between 0.6 and 0.3 km/sec, respectively. Even so, the velocity amplitude for radial motion is significantly changed over a vertical distance of only 10 m. Excitation of locked mode Rayleigh motion in event 1 suggests that P and S wave velocities of the substrate are higher and near-surface P and S wave velocities are slower than the incident acoustic wave phase velocity [Langston, 2004] . The relatively impulsive velocity waveforms of event 2 show that no significant reflections (reverberations) were produced and that most seismic energy penetrated into the substrate because of the high incident acoustic wave horizontal phase velocity of about 1.4 km/sec.
[19] The seismic response from incident acoustic waves is directly applicable to earthquake hazard analysis because the seismic response depends on the near-surface structure at a site. Significant reverberations shown in event 1 require low near-surface P and S wave velocities and may be used as empirical observations of site conditions useful for earthquake hazard analysis. The site resonance, controlled by the ratio of the layer velocity to layer thickness, excited in event 1 is at 5 Hz. The 5 Hz P and PS resonance is an empirical measure of site resonance for earthquake P and S waves.
[20] The seismo-acoustic array used in this study is a practical instrument configuration to resolve infrasound from natural thunder and thunder-induced ground motion. We have shown that thunder can be recorded acoustically and seismically with a good signal-to-noise ratio. The interaction of the acoustic wave with the ground produces well-defined wave propagation effects that depend on horizontal phase velocity of the incident acoustic wave. The qualitative characteristics of this new data set are consistent with the interaction of a bolide sonic boom with stations of the CERI network [Langston, 2004] . Low velocity site structure is the principal characteristic that controls the amplitude and duration of the seismic response. Naturally occurring thunder can be considered to be a useful and new seismic source for use in problems of site response and earthquake hazard evaluation. Our future work will concentrate on quantifying the site velocity structure using the thunder pressure and seismic coupling data and determining the usefulness of long duration signals in site structure analysis. 
